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A Novel Tree-Type Serializer for 10Gbps Transmitter
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Department of Electrical and Control Engineering
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Abstract

This thesis proposes a novel tree-type serializer for 10Gbps serial 1/O. It uses quadrature
clocks as switch controls to eliminate the need.for.retiming in a conventional design. As a result,
power consumption and circuit area-is significantly reduced. Simulation results show that at
10Gbps the proposed serializer consumes 0.7 of power and; occupies 0.22 of area as compared to
a conventional one.

In this thesis, a 10 Gbps transmittet-has been designed. It is implemented in TSMC 0.13 um
2P8M CMOS process., the transmitter circuit consumes 27mW on a 1.2V power supply.

Besides, we analyze the on-chip channel model and design a low power driver for the Icm
channel.

Keyword: Serializer, Multiplexer, Deserialize, DeMultiplexer, High-speed serial links,
novel tree-type serializer, quadrature clocks
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 CMOS High-Speed Serial Links

High-speed serial links in Gbps range are usually implemented in bipolar or
GaAs technologies. The primary reason is the higher bandwidth of those devices.
However, CMOS transistors process technology has grown exponentially in recent
years. It results in a remarkable improvement in the operating speed and integration

level. [1]

Figure 1.1 is a conventional serial link system. It comprises three primary
components: a transmitter, a channel, and a receiver. The high-speed data sent by a
transmitter are analog signal. These analog signals known as non-return-to-zero (NRZ)
use either a HIGH-level or a LOW-level to represent data bits. For an optical
transmission system, these levels are different amounts of optical power. For electrical

systems, these levels are different signal voltage or current pulses.
A transmitter includes a serializer and an output driver. The serializer converts

1



Chapter 1 Introduction

parallel bits into a serial bit stream. The timing information is embedded in this serial

data. The output drivers drive the signal from serializer to the channel.

The channel is the medium of the data transmission system. There are many
types of channels, such as unshielded twisted-pairs, printed-circuit boards (PCB)
transmission lines, chip packages, coaxial cables and optical fibers. There are two
high-speed links, copper cables and optical fibers. The first one as for short distance
transmission and the second as for long distance ones. The most significant advantage
provided by optical fibers is high bandwidth over long distances. But the drawback is
the cost since the optical fiber and the necessary components as expensive. To replace
optical fiber, the less expensive solution for high-speed communication is using

cooper cables. But the cable length limits the bandwidth of transmission.[2]

The receiver receives and converts this analog signal back into binary data. It
includes a front end amplifier, a deskew buffer or a clock and data recovery (CDR)
and a deserializer. To recover the signal,fiom transmitter, the analog waveform is
amplified by front end amplifier..,The data is resampled by the deskew buffer or the
CDR. Finally, the serial data serdd into deserializer to-converter serial high -speed data

into parallel low speed data.

32-to-1

PRBS |&—(—|=*
- PLL D

Generator

Deskew +
Deserializer

m
>

Front
end

“(

Figure 1.1 Conventional transceiver
In advanced design case, there is a Pseudo Random Bit Sequence (PRBS)

generator and verifier. The function is to check the correction of the data received
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Chapter 1 Introduction

from receiver by comparing to the data in transmitter. This is a build in self test (BIST)
system. Phase lock loop (PLL) provides both transmitter and receiver a clock source.

The CMOS high-speed serial links have been widely used in many applications
such as data transmission with multiple processors, communication within computers,
routers, etc. Also, there are many standard specification for CMOS high-speed serial
links, like Gigabit Ethernet, IEEE1394, SONET, Fiber Channel. Table 1.1 is the table
of standards

Table 1.1 High-Speed Communication Standard

Standard Data Rate
OC-12/STM-4 622.08Mbps
FC1063 1.0625Gbps
SATA 1.5Gbps
OC-48/STM-16 2.48832Gbps
PCI-Express 2.5Gbps
SATA2 3Gbps
XAUI 3.125Gbps
4G FC 4.25Gbps
8G EC 8:5Gbps
0C-192 9.95328Gbps
10GbE 10.3125Gbps
Fiber Channel 10.51875Gbps
G.709 10.66423Gbps
G.975 10.70923Gbps
OC-768 39.81gbps

1.2 Motivation

Advanced integrated circuit technologies are able to integrate muilti-million
gates into a single chip. Operating frequency and data throughput have been increased
significantly. Conventionaly, parallel buses and serial links are two approaches for
high-speed signaling. For parallel buses, many bus lines are needed in a system to
make the total transmission data rate arrive the specification. The drawback of the
large buses is the increased power consumption and the explosion of circuit area. Also,
the pads numbers is increased. Unfortunately, the number of I/O pins cannot grow

proportionally. As a result, high-speed serial I/O is needed to solve the communication

3



Chapter 1 Introduction

bottleneck. PCI-Express and Serial ATA are two prominent examples. For serial
transmission links, it maximizes the communication bandwidth and distance in a
single transmission line. Serial links offer a high-speed and low-cost solution to
multi-gigabit per second rates over long distance. Applications such as
computer-to-computer or computer-to-peripheral interconnection can reach several
meters. A key component is a serialier that converts low-speed parallel data into

high-speed serial output stream.

In this thesis, a novel tree-type serializer circuit is proposed. We implement this
transmitter architecture using non-return-to-zero (NRZ) signal techniques. A 10 Gbps
novel tree-type serializer with output driver and PRBS (Pseudo Random Bit Sequence)
has been designed. We also analyze the on-chip channel mode and design a low power

driver for the channel with 1cm length.

1.3 Thesis organization

The rest of the paper is organized-as follows:

In Chapter 2, we describe-and analyze the conventional structure of serializer. In
Chapter 3, we introduce the proposed novel tree-type serializer architecture and
analyze and compare to other conventional architecture. The simulation results of

comparation are also showed.

In Chapter 4, the chip implementation is presented. We show the full
architecture of this transmitter. We also show the detail circuit of each block. Finally,
we present the simulation results, layout, and measurement consideration of the

design.

In Chapter5, the measurement results are presented. It includes off-chip
measurement and on-wafer measurement by a probe station. The results include eye

diagrams, jitters (Pk-Pk)(RMS), power consumptions.

In Chapter 6, we show an on-chip channel model analysis and a low power

driver.

The research is concluded in Chapter 7.
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Chapter 2

Background Study

2.1 Other Structure of Serializer

Serializer, also called Multiplexer or MUX, has the function of converting
parallel low speed input data into serially high-speed output data stream. As Figure
2.1 shows, a conceptual block diagram of a serializer. In Figure 2.1, there is a N-to-1

multiplexer. D, to D,, are n-bit parallel low speed input data. Selected by ck, to

ck,, D,, D,, and D, are serialized into high-speed output, DO. Its data rate is n

n?’ il > i

times of Di. In many applications, the number of inputs of serializer is power of two,
like 2, 4, 8, 16. Some system like PCI-Express may encode the output data. Thus, the
number of input of serializer may be changed to another number. For example as

8B/10B scrambler need a 10 to 1 multiplexer.

There are three principal structures of serializer. They are shift-register type,
single-stage type, and tree-type serializer. The architecture is shown in Figure 2.2, 2.3,

and 2.4. There are other special architectures, like CML (Current Mode Logic) MUX

5



Chapter 2 Background Study

as shown in Figure 2.5. We will explain the structures in the next chapter.

Parallel input data & clock
Multiplexer N:1 ' :
1

|
k A !
Dil Cf/ ck2 : , i
pio—" | e
Di3 & *DO  ckn —
1 1 Dil >K D1 ><|
1 1 .
i ckn - Di2 D2 X

/ Din:>§( Dn )EC

out

CK1 |

ﬁ%@%%%ﬁ?%

D3 D2 D1 DO

CK1 1
CK2
cK3 |

w {p1XpoX(piX D2><D3X_X_><_X_X_>

Figure 2.2 Shift-register type serializer
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O0b 4 y.

d1b N\ /

D2b N\

®3b N e

Out (do X dl Xd2 Xd3 X d4 Xd5 Xd6 X d7 )

Figure 2.3 Single-stage type serializer

DO D1 D2 D3 D4 D5 D6 D7
‘o ‘o vy oo ‘i
— A\ N
ux ux >
2

=1

2 to 1 MUX cell timing diagram

12341234

ck [ 1]

L

is

CK/2 (0°)

CK/2 (90°)

Out Dl (Dp )é DI

2 to' I'MUX cell
1 D Flip Flop

D0 ™

Figure 2.4 Conventional tree-type serializer
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e i
s—IﬁI I:l—SN
Vb Ii

Figure 2.5 Serializer of CML

2.2 Shift-Register Type'Serializer

Figure 2.2 shows the shift-register-type serializer. The main function of this
architecture is parallel load and ‘serial shift. Both-work of different frequencies.
Parallel load works of low data rate. It uS€s"CK2 as the clock. The parallel data inputs
load in the D Flip Flop (DFF). Serial shift works of high-speed data rate It uses CK1
as function clock. The high data rate DFF trigged by CK1 sends data into a sequenced
stream. The data in the serial shift register have been sent out entirely. CK3 loads the
data from parallel load register into serial shift register. CK1 has the highest clock rate.
It is divided to produce CK2, CK3. Refer to the timing diagram of the clock and data
in Figure 2.2, this serializer works as follows.

The shift-register type serializer is a straightforward implementation. It can
process arbitrary number of parallel data by increasing the number of DFFs and
adjusting clock rate. The jitter is small with an ideal clock. However, there are several
drawbacks. First, the maximum operating speed of this circuit is limited by the device
performance. [3]. According to [4], only 3gbps transmission can be achieved even
with 0.15um CMOS transistors technology. Second, it needs an extreme high speed
and low jitter global clock. The DFF of serial shift work at the highest rate. This

causes a large power consumption.
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2.3 Single-Stage Type Serializer

OlT Ob

P3 P4 4 P1 4 P2 J-P3 — P4 — P1 T:_”_ P2
P2 4 P34 P44 Pl 4 |4__||—P2 ~ P3 — P4 ~ Pl

o ifn iy oy S lgh gtalop

Figure 2.6 Circuit of 4-to-1Single-Stage Type

Figure 2.3 is the structure of a single-stage type serializer. Figure2.6 is the basic
circuit diagram of this structure. The multiplexer needs to input the clock with the
same frequency as the parallel input data. As show in Figure 2.3, the data is sent out
when two specific clocks with different phases overlap. For example, dO is
transmitted when @0 and ®1b overlap (both are,l). The data period of dO is from ®0

positive edge to ®1b negative edge. The other data ate transmitted by the same rule.

There is also one point that should be remarked in Figure 2.6. Many papers
show that the device of data input is just a“NMOS fransistors.[5~10]. But, in [11] [12],
we know that adding an extra PMOS‘transistors of data input has a benefit. When data
is low, the PMOS transistors turns on and drives current to precharge the internal node
to a high level. In other words, this technique can reduce the charge sharing effect and

alleviates data jitter.

In order to have large output swing, the pull-up PMOS transistors must be
weakly sized to reduce the driving capability. This makes the low to high transient
time larger and the unbalance of rising and falling times. To achieve higher speed, we
should reduce the output swing. The analyses of output swing and delay time to

pull-up PMOS transistors size are shown in [10].

Basically, it is a multiplexer controlled by the phases of a multi-phase low-speed
clock. The power consumption is small. This serializer can also handle arbitrary
number of parallel data. It sends out one bit of data at each phase interval. The most
significant drawback is the large self parasitic capacitance at the outputs that limit the

bandwidth performance.[1][9] Furthermore, phase imbalance of the clock may also
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create jitters.

2.4 Conventional Tree-Type Serializer

Figure 2.4 shows a 8-to-1 tree-type serializer for high-speed applications. It is
composed of three stages of 2-to-1 multiplexers organized as a tree. A high-speed
clock, normally at half the data rate, is divided to control the successive stages.
However, due to the two inputs need to be out of phase, retiming mechanism is
required [13~15]. We describe the 2-to-1 MUX in detail in Figure 2.4. We use CK/2(0)
to retime DFF. DO is latched by one positive triggered DFF. D1 is latched by one
positive triggered DFF and one negative triggered DFF. After the retiming, DO and D1
have a 180 degree phase shift. Then those two data as sent into a 2-to-1 MUX and we
use CK/2(90) to select data out of the MUX. Notice the timing diagram of Figure 2.4,
using CK/2(90) to select data during 1/4 to 3/4 the data period ensures enough setup

time and hold time.

The conventional tree-type serializet is able to operate at a high frequency due
to the low output parasitic capaeitance and retiming mechanism. This architecture can
only convert power of two of parallel input-data, such as 2, 4, 8, and 16. It is able to
achieve higher speed than a single-stage-serializer. However, its hardware overhead

and power consumption is higher.

Figure 2.5 and Figure 2.7 are the conventionally circuits of 2-to-1 MUX block.
Figure 2.5 shows a CML of 2-to-1 MUX. It has a current source NMOS transistor
biased by Vb to support a biasing current. The select S and inversion SN decide either
d1 or d2 to be transmitted. As CMOS process technology scaled fast in recent years,
supply voltage is lowed. The implementation of CML is harder due to three stages of
NMOS transistors. Figure 2.7 is much alike a single-stage serializer and has lower
parasitical capacitance at output node. Figure 2.7(a) is a 2-to-1 single-stage circuit and
Figure 2.7(b) adds a PMOS transistor data input to reduce charge sharing effect as

describe before.

10
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Figure 2.7 Circuit of 2-to-1 MUX in tree-type serializer

Table 2.1 is a comparison of three types of MUX. The advantage is that this
structure can work using a ring oscillator type phase lock loop (PLL). This means that

the needed clock rate is 1/N of the transmission data rate.

Tree-type serializer is composed of multiple stages. This makes the number of
input in each stage as well as the parasitical capacitance at output node be reduced.
For this reason, the bandwidth of tree-type serializer is the highest among the three

structures. The shortcoming is the fequirement of & higher clock rate.

Table 2.1 Comparison of three'kinds of MUX

Tree Single-stage Shift-register
Multiplex N N N
number
Power Low Medium High
Bandwidth High Low medium
External clock High freq, single | Low freq, multi- High freq, single
property phase phase phase
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Chapter 3

The Novel Tree-Type Serializer

3.1 Functional Blocks

In this chapter, we will introduce a new serializer structure which consumes less
power and area. First, we explain the 2-to-1 MUX and the control clock. Second, we
show the configuration of 4-to-1 and 8-to-1 MUX. Finally, we describe the design
issue. Figure 3.1 shows the conventional and proposed novel tree-type 4-to-1 serializer
(multiplexer) cells. Three retiming D-type Flip-Flops (DFF), as shown in Figure 2.4,
are removed. Instead, quadrature clocks are used for the switch control in the previous
stage. The first stage is controlled by the original clock to switch and output data at
two times the clock rate. The second stage is controlled by two divide-by-two clocks
with phase difference of 90° degree. As one can see, with quadrature clocks,
retiming can be waived. Moreover, data is ready one half period before being switched
in. Therefore, there is no data dependent jitter. The overall jitter is determined by the

output control clock.

12



Chapter 4 Transmitter Circuit Design

Figure 3.1 also shows the timing diagram without propagation delay. Therefore,
there is no timing variation at the output. Figure 3.2 and Figure 3.3 are 4-to-1 and
8-to-1 MUX with quadrature clocks. The circuit structure is simple and regular.
Without propagation delay, each stage of this serializer will have the setup time which

is half of the input clock period and have no hold time.

The propagation delay is a design issue in chip implementation. Figure 3.4 shows
the case that considers the propagation delay. T1 is the delay of clock divide; T2 is the
delay of the MUX; T3 is one-bit time. As one can see, the setup timing margin is
T3-T1-T2; and the hold time margin is T1+T2. In general, they are more than enough
for the MUX to operate reliably.

Original mux cell & timing Modified mux cell & timing

CK/2 CK/2 CK

(90°) (0°)

(90°) (0°) (90°)
D0,D1 X CK/2(0) N S
CK(©0°) _/ \\/ \_ DO XX

DI KEE X cknooy /| N\ /

CK(9D<3°)3/—\_>X\/—\\“ | ‘/{C
CK

out _D1 X D0 X DI' X DO’ Out Y poXBIX DO DD

Figure 3.1 The original and proposed tree-type multiplexers.

Figure 3.5 shows the architecture of the novel tree-type serializer with2" to 1.
The circuit structure is simple and regular. The novel tree-type serializer embeds data
retiming in the previous stage of MUX. Due to this, hardware overhead and power

consumption are expected to be lower.
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DO

D4

D2

D6

D1

D5

D3

D7

Figure 3.2 -4-to-1 Novel Tree-Type Serializer

Ck3 0
Ck2 0
Ck3 4
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w NN = O

Ck3 2

Ck2 2
Ck3 6
e
Ck3 1

Ck2 1
Ck3 5

¥

Ck3 3

Ck3 7

Ck 0

— Out

Ck 1

o

Ck 0
Ck1 I ||

Ck2

—
L]

Ck2

Ck2

Ck2

Ck3

Ck3
Ck3

Ck3

Ck3

Ck3

Ck3

~N N L AW N = O

Ck3

o @F)

o)
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999

Figure 3.3  8-to-1 Novel Tree-Type Serializer
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P

v

(@)

Q

o
[

o
$_.5:
Q o)

=4

—>
1

CK/2(90°)

I-Q Gen

T1 : I-Q Gen delay, T2 : MUX delay, T3:half CK

period
T3-T1 -T2
T3 — Tsetup

Tsetup : Setup time timing margin =

CK/2(0) = _)(_TiTz
D DO %E
Tsetu <—?’%01d
CK/2(90)
D1 < X
CK __A2 13 __ %
Out DO _>)l< D1 >k DO >< D1

Thold : hold time timing margin =

Figure 3.4 Timing Diagram of The Proposed MUX.

Clock

1/2

T
e

/N

1/2

A

v

1/2

L\

:

(]

-/ \ "2

X

?

¥
R

172

-/

\v

1/2

-~/

\

e o o o —p

e o o o >

e o [ ) o —p

Figure 3.5 Architecture of The Novel Tree-Type Serializer with2" to 1.

3.2 Comparison of Three Structures

e o o o —p

We compare our novel tree-type serializer to the single-stage and the

conventional tree-type serializer in this section. In section 3.2.1, we analyze the

required number of PMOS transistors in single-stage and novel tree-type serializer.

This could help we understand the speed limitation of them. We can also know the

difference of size in the two architectures when both of them work in the same

transient time and boundary conditions. Section 3.2.2, we compare the three

15
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architectures by using HSPICE for simulation. The simulations of the three
architectures are with the same boundary conditions to ensure the fair of comparison.

Section 3.2.3, we show the comparison results as figures and tables.

3.2.1 Analysis of Novel Tree-Type and Single-Stage Serializer

Considering the chip design issue described in Chapter 4, we need four 2.5Gbps
8-to-1 serialzer and one 10Gbps 4-to-1 serializer. Therefore, the analysis and
simulation focus on the 2.5Gbps 8-to-1 serializer. Figure 3.6 shows the 8-to-1
single-stage serializer with dummy PMOS transistor which alleviate the charge

sharing effect.

oy =

-5 6 p, b p 4 -g - - & F 4~ 4 45 4 45
-5 6 p, p, p, 4 -5 - - 4 F 45 45 4 45 4T
MM v v v -5 |- [l B Fld [ dF | A | dF | 4T

-|-|-|-|-|-|-|-|E!__E|-|-|-|-|-|-|-|-

Figure 3.6- '8-to-1 Single-Stage Serializer.

We consider a basic inverter in. TSMC-0:13 pm technology. The design rule for

smallest width is 0.3 um . The basic inverter.is shown in Figure 3.7.

W, _ L3um
L™ 0.13um

Figure 3.7 Basic Inverter.

The average of C; and C,of PMOS transistor and NMOS transistor of the

inverter is as follows.

PMOS NMOS

Cip we = 2.5714fF Con g = 0.747fF

Cyp ag =1.92941F Con g = 0.4861F
Thus,

16
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Cpy =1.5C,,Cop =4C ,Cyp = 5.3C, (1)

MUX 8:1: Use single stage

®
075 96— 05 G 94 -G 03 =G, 02—, 01 —IG 60—

o4 -G 034G 020G, G 000G 67— 06 — S ¢S5 —

=G, =G, . =G =G
d7 6 Yds ydd hd3 a2 a1 do |

MUX 2:1: Use single stage

S

o - ¢

a1 36 fao ™

Bl

Figure 3.8 Half Circuit of Single=Stage ‘and Novel Tree-Type Serializer.

Figure 3.8 show the half circuit of these two architectures. Since three stage of
2—-to-1 MUX compose a 8-to-1 novel tree-type serializer, we only need to show the
last 2-to-1 MUX which dominates the output capacitance and bandwidth. The
boundary conditions we assume are (1) for C_,, we consider PMOS transistor drain

capacitance and up level NMOS transistors drain capacitance. (2) the dummy

transistor is not considered. (3) the swing in each architecture is from 0.25V to 1.2 V.

RO_P R, » =Output Resistance of PMOS
/ VVW Vo R,  =Output Resistance of NMOS

co_T_

Figure 3.9 Equivalent R,C Circuit of Serializer.

VDD

C, = Output Parasitical Capacitance

RO N

<NV
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We calculate the delay time from the output resistance and capacitance of
serializer. We use equivalent RC circuit shown in Figure 3.9 to simplify the

calculation. The calculations is are

Roﬁzv
I1+S8R, C, R,y
Vo =Vop R_ =Vpp .
onN R, + SRQNROJ,CO +R,
P
1+ S8R, vC |
RO_N 1 1
=Voo =Vpp R R
SRofNROfCO + (RP + RN) ROﬁPCO S+ ON + o_r
RO_NRO_P Co
_Ro y+Ro p) R R..C

=SV, )=V, fonfor® — T ime_delay = -2 "9

or Co on Tt RO_P

(2)

Now we calculate the output resistance and capacitance of each architecture.

Then, we substitute the results intQ(2).

Assume

R is the equivalent resistance.of the NMOS in a basic inverter

C,x 1s the equivalent gate capacitance of the NMOS in a basic inverter
C,p 1s the equivalent gate capacitance of the PMOS in a basic inverter
C 4 1s the equivalent drain capacitance of the NMOS in a basic inverter
Cp 1s the equivalent drain capacitance of the PMOS in a basic inverter

m . 1s the number of parallelly connected NMOSin 8 - to - 1 single - stage MUX

m , is the number of parallelly connected PMOS in 8 - to - 1 single - stage MUX

p8
m,, is the number of parallelly connected NMOSin 8 - to - 1 novel tree - type MUX
m , is the number of parallelly connected PMOS in 8 - to - 1 novel tree - type MUX
C, =40fF is the output load capacitance

By (1), C, =16(C, +C) which means a fanout of 16 inverters.

For a single-stage MUX

18
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3)
m,s = k8mp8
Cor = 8kyCoym g +Com  +16(Cyy +C ) (4)
1 1 1
RofN =3Ry—=3 Ry, Rofp =Ry (5)
m,g k8mp8 8
24k R, C 3R, C R,(C , +C
Delay time=—-3"d = N -dP | 48 w(Cov +Cop)
3+k, 3+ kg (3+ks )m (6)
For a novel tree-type MUX :
m,, =k,m, (7)
Cou =2Cykm,, +Cpm,, +16(C, +C,) ®)
1 2 1
Roy=2Ry—= Ry.Rop =Ry 9)
ng kZmpZ mp2
32R,(C  +C
Delay time = iRNCdN +LRN »t v (Cox + Cor) (10)
2+k, i (2+k,)m,
When (6) is equal to (10)
24k R C + SRyCp + 4R (CgN + CgP) —
3+kg 3 ¥k (B+ks)m
4k D 32R,(C, +C )
5 ;c RyCoy +2—RN ot 1)
+k, +k, (2+k,)m,

Multiply both sides of the equal signby (3 + kg )m (2 +k, )m ,,
2dkgm o (2+k, )m ,RyC oy +3m o (2+k, )m,, R\ Cpp + 482+ k, )m , R\ (Cpy +Cp )

=4dk,(3+kg)m,om R\ Cy +2(3+kg)m,om ,R,Cyp+32(3+ky )m (R (Cpy +C,p)

(12)
From (1) :
Cp =15C,,Cp=4C,,C,p =53C,
Then, (12) is
36ky(2+ bk, )m gm ,, +15.9(2+k, )m gm , + 2402+ k, )m ,, =
6k, (3 + kg )m gm , +10.6(3+ ks )m m , + 160(3+ kg )m (13)
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Now, for the same swing ky = 6,k, =4.5,
1404m ym ,, +103.35m om ,, +1560m ,, = 243m ,;m ,, +95.4m ,;m ,, + 1440m ; (14)

= 1168.95m sm ,, + 1560m ,, = 1440m (15)
1440m —1360m ,

m...m ,=m.. Am o m, , = m
o e T 168.95m , + 1560 7T 1168.95m , —1440 7 (16)

1440m (17)
m...m, ,=m,g.
re T 1168.95m  + 1560

—1560m
mo, = .m
P 1168.95m,, — 14407 (18)

m

In (17), when m , approximates infinite, m, is 1.232. This is because the
transition time in single-stage MUX will converge no mater how m  increase. So

m , converge to the significant calue. In (18), whenm, >1.232 m  <O0.

p8
This implies if m, is large than 1232, it"is"itapossible to find a solution for m .

Because if the transition time 6f m_, [i§ t00 short, the increasing of m _; can not

achieve the same transition time¢.of m,,.

3.2.2 Compare three architectures'’by HSPICE Simulation

In order to verify the low power and low area overhead advantages over the
single-stage and conventional tree-type serializers, we design all three of them. We
compare these three architectures in three ways (1) power consumption, (2) area
overhead, (3) power area product. For solution by HSPICE, the boundary conditions

arc

(1) The same C, of 40fF

(2) the same risin g time

(3) The same data skew DFF shown in Figure 3.10.
(4) The same of clock generator shown in Figure 3.11.

(5) The same input level (1.2V ~ 0.25V)
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Reset ‘_ Reset b ‘_ Out
> >o—— D

P
XX XX

<] o

Figure 3.10 Static DFF.

I
n {>C %

In every architecture, we simulate the cases with the rise time of 300ps ~ 275ps ~
250ps ~ 225ps ~ 200ps ~ 175ps ~ 150ps ~ 125ps ~ 100ps. We simulate additional cases
for the rise time of 170ps ~ 165ps ~ 160ps ~ 155ps for single-stage MUX only. These

extra points would make the simulation result more complete.

I Resglﬁl_Reset_b &o .iut
n %Z %{ Reset _”—Jn i——»“Reset_b
B

Reset b
Inb &C Resef 1 |
°

Reset L{l l:’ ~— Reset b Outb

Figure 3.11 DFF of Clock Generator.

.3.2.2.1 Single-Stage Serializer

We design and simulate this architecture as shown in Figure 3.6 according to

Figure 3.12.
A m Step1:Choose the size
877‘ : of MUX to match
Q B | the rising time spec.
= 4 4 12_

Step2:Choose the size of
Data Skew DFF to keep

the rising time spec.

Step3 : Choose the size of
Clock Gen to keep
the rising time spec. Data Skew DFF
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Figure 3.12

Design steps for single-stage serializer.

We can optimize the simulation and ensure each block consuming appropriated

power by the steps shown in Figure 3.12. The rule of the size choosing in the design

steps should conform to the TSMC design rule. In step 1, we obtain the size of PMOS

transistors and NMOS transistors that match the rise time specification by using the

command “.alter” in HSPICE that carefully increases the size of MOS transistors. The

results are shown in Table 3.1 and sizes that match the rise time specification are

boldfaced.

Table 3.1 Rise Time versus size of the MOS Transistors in Single-Stage Serializer.

Wy 13 | w03 W13 | W03

L" 0.3 L™ 0.13 L°" 0.13 L™ 0.13

mp mn Tr mp mn Tr
1.0 6 302 12 72 157
1.1 6.6 267 13 78 157
1.2 7.2 276 14 84 157
1.3 7.8 265 15 90 155
1.4 8.4 257 16 96 154
1.5 9 250 17 102 154
1.6 9.6 245 18 108 154
1.7 10.2 240 19 114 153
1.8 10.8 234 20 120 152
1.9 11.4 228 21 126 150
2.0 12 223 22 132 149
3 18 198 30 180 148
4 24 181 40 240 147
5 30 175 50 300 146
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6 36 169 60 360 146
7 42 166 70 420 145
8 48 164 80 480 145
9 54 162 90 540 145
10 60 161 100 600 145
11 66 157

We describe the details of the cases for 300ps and 150ps.

300 ps case :

Curent ¥=1 10e+000

e i Mg
1000m 1 / \\ A% \\ v
\\ // \\ //
.
. N\ 7 74
- NV N\
? o ] N ZaN
V/ZBa 7N
N . V. —~ // ~
3008 4 N‘h—_‘ %‘*m_)L oo
it 4

T T T T T T T T T T T T T T T T T
0 Slp 100p 150p 200p 250p 300p 350p 400p 450p S00p S50p B00p 650p 700p 750p 800p
Params (lin) (tmeZ)

Figure 3.13 Eye Diagram of Rise Time of 300ps for Single-Stage Serializer.

0.3um

_ 1.3um B
0.13um

W W
(D= 0.13um’ e

,m,=1,my =6

Power =1.3163mW

Area

=(W, xNO.xm + Wy xNO.xm)xL
=(1.3x2x1+0.3x64x6)x0.13

=117.8x0.13um?

Here, the area is referred to the total gate area.
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150ps case -

Current ¥=1.10e+000
12 DelteX=1 51e-010

y B //"‘ B e L ]
y/4 y/d
/4

/4 \ \
ol \ \
\/ \/

T00m X

600m 7 \

I BN / [
N 4 u

300m -y ey .

200m

Voliages (lm)

T T T T T T T T T T T T T T T T T
a S0p 100p 150p 200p 250p 300p 350p 400p 450p 500p 550p 600p 650p 700p 750p &00p
F; il

arams (lind ftime

Figure 3.14 Eye Diagram of Rise Time of 150ps for Single-Stage Serializer.

(E)P _ 1.3um ’ (E)N _ 0.3um . m, =21,m, =126
L 0.13um L 0.13un

Power =17.614mW

Area

=(W, xNO.xm  + Wy x NO.xmy)xL
=(1.3x2%x214+0.3x64x126)x0.13

=2473.8x0.13um"

3.2.2.2 Novel Tree-Type Serializer

We design and simulate this architecture according to Figure 3.15
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Clock 'T—"’ Step1:Choose the size of
I:I> the first stage MUX to

O —0—,

match the rising time
m?—\ Ij spec.

uon
901D

Step5:Choose the size :: Step2:Choose the size of
of Clock Gen to keep the second stage MUX to
the rising time spec. Data Skew DEF match the rising time spec.
Step4:Choose the size of Step3:Choose the size of
Data Skew DFF to keep the third stage MUX to
the rising time spec. match the rising time spec.

Figure 3.15 Design steps for Novel Tree-Type Serializer.

In Step 1, we get the size of first stage 2-to-1 serializer that match the rising time
specification by using the command .alter in HSPICE and carefully increase the size
of MOS transistors. The result is shown in-Table 3.2 and sizes that match the rising

time specification are boldface.

Table 3.2 Rise Time versus size'of the'MOS transistors in Novel Tree-Type

Serializer.

W 1.3 W 0.3 \W 1.3 W 0.3

=0 | T o =0 | T o
mp mn Tr (ps) mp mn Tr
0.6 2.7 320 2.0 9 130
0.65 2.925 297 3.0 13.5 106
0.7 3.15 280 3.7 16.65 100
0.75 3.375 261 4 18 95.9
0.8 3.6 248 5 22.5 90.9
0.85 3.825 235 6 27 89.1
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0.9 4.05 225 7 31.5 85.0
0.95 4.275 216 8 36 84.6
1.0 4.5 202 9 40.5 82.7
1.05 4.725 190 10 45 8L.5
1.1 4.95 184 11 49.5 81.0
1.2 5.4 172 12 54 81.0
1.3 5.85 165 13 58.5 80.5
1.4 6.3 161 14 63 80.2
1.5 6.75 154 15 67.5 79.4
1.6 7.2 149 16 72 78.7
1.7 7.65 142 17 76.5 78.8
1.8 8.1 139 18 81 78.3
1.9 8.55 134 19 85.5 78.0

We describe the detail of the case of 300ps and 100ps for example.

300 ps case :

. e
) ) // \\ /7’ \\\
900m - \ / /

= 900m \ / \ //

) ) / /

zﬁg F00m /

S IRVAR N

! 7
S00m 7 // /
400m 7 ™ ///_—‘- & Z“
- ‘--\-._\.____ NN /-"—"‘m\_a_ S / —
boet e S "
200m -

i S0p 100p 150p 200p 2503 300p 350p 400p 450p 500p 550p 00p 6503 003 7503 8003
Farams (lin) (tims2)

Figure 3.16 Eye Diagram of Rise Time of 300ps for Novel Tree-Type Serializer.
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(_)N :.—7 mp :0'65’mN = 2925

Power =1.3136mW

Area

=2(W, xNO.xm_ + W xNO.xm)xL
=(1.3x2x0.65+0.3x12x2.925)x0.13+
(0.15x2x1+0.156x12x1)x0.13x2
+(0.15x2x14+0.156x12x1)x0.13x 4

=25.252x0.13um?

100 ps case
Sz SR = N

- N \

A /
I A /\ /
N o /
o A\ / RN

o N\ AR\

AN AN

NS NS

i Sop 100p 150p 200p 250p 0p 50p 400p 450p s00p 550p A00p 650p 00p 750p a00p
Paranns (lin) (tine2)

Figure 3.17 Eye Diagram of Rise Time of 100ps for Novel Tree-Type Serializer.

W 1.3um 0.3um
(L= 0.13um ( )N_0.13um’

m, =3.7,m, =16.65

Power = 2.7900mW

Area

Z(W xNO.xm, + W x NO.xmy)

mux=1

=(13x2x3.74+03x12x16.65)x0.13+ (0.15x2x1+0.156x12x1)x0.13x 2

mux

+(0.15x2x14+0.156x12x1)x0.13x 4

=82.592x0.13um?
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3.2.2.3 Conventional Tree-Type Serializer

The 8-to-1 conventional tree-type architecture is shown in Figure 3.18. We
design and simulate this architecture according to Figure 3.15 which is the same to

novel tree-type MUX.

CLK/2

b i =yl
*
DEEDF = a =5

CLK/4 CLK/2 CLK=2.5G

CLK/8

Figure 3.18 8-to-1 conventional tree-type architecture.

As before, we show the rising time versus size of MOS transistors in Table 3.3

and sizes that match the rising time specification are boldface.

Table 3.3 Rise Time versus Size of the MOS Transistors in Conventional

Tree-Type Serializer.

W 1.3 W 0.3 W 1.3 W 0.3
o | o =0 | o
mp mn Tr (ps) mp mn Tr (ps)
0.6 2.5 308 21 87.5 62.7
0.7 2.875 269 24 100 62.5
0.8 3.375 240 27 112.5 62.3
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0.9 3.75 215 30 125 62.5
1.0 4.125 201 33 137.5 62.2
1.1 4.626 183 36 150 62.3
1.2 5.0 171 39 162.5 62.7
1.3 5.375 163 42 175 62.9
14 5.875 153 45 187.5 62.7
1.5 6.25 145 48 200 62.2
1.8 7.5 130 51 2125 61.8
2.1 8.75 118 54 225 62
24 10 109 57 237.5 63.4
2.7 11.25 102 60 250 62.4
3.0 12.5 97.4 63 262.5 62.7
6.0 25 74.7 66 275 62.8
9.0 37.5 68.4 69 287.5 62.8
12 50 65.4 72 300 63.4
15 62.5 64 75 312.5 63.3
18 75 62.7

We describe the detail of the case of 300ps and 100ps for example.

PR ERCERK D] Ty w030 mp=0.6 =5 HHRmERER
Crmment 91 1Beion
= DeltsH~7.08-010
PO ol
1000, \\ / / \\
Es \ / \\ /
5 sm
k! /
. %
2 oum
H / \ /
005 A
. VY VY
" /7 /
00 A v
— a——
00 ey =
n L A~
E 10 15 P 25 0 N 501 551 &0 &5 0 7 801

b sy
Farams (Hn) (time2)
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Figure 3.19 Eye Diagram of Rise Time of 300ps for Conventional Tree-Type

Serializer.

0.3um-
(_)N -
0. 13 0.13um

(—)p = , m, =0.6,m =2.5

Power =3.2329mW

Area

7
= > (W, xNO.xm, + Wy x NO.xmy ), x L+ D 88(W, + Wy )x L

mux=1 DFF

=(1.3x2%x0.6+0.3x12x2.5)x0.13+(1.3x2x0.6+0.3x12%x2.5)x0.13x0.2%x6
+(88x1.3+88x%x0.3)x0.13x0.25x9
=340.032x0.13um>

100 ps case :

mmmmmmmmmmmmmmmmmmmmmmmmm =13 wn=ll 3u mp=2 7 mn=1145 mu=]***
Current ¥=1.10+000

E,
Slpe=7 5o+ 000

/ Derivative=3 03:+009
11

4 il
100im \ / \ / i
900m )( X £
700m /
B0im / /

i I A 2 AN Lo
XN 7NN 7

P NN S, y

P

Yoltages (im)

200m -

0 sip  io0p  iSp  M0p  as0p  00p | aS0p  4Dlp | 4S0p  Sa0p  SS0p  0p  gS0p  7T00p  750p  G00p
Pavarns (lin) (time2)

Figure 3.20 Eye Diagram of Rise Time of 100ps for Conventional Tree-Type

Serializer.
w 1.3um 0.3um
— —)y = ,m,=2"7m, =11.25
(L)p 0.13um ( )N 0.3um” " N

Power =3.9895mW

Area

,
= > (W, xNO.xm, + Wy x NO.xmy ) XL+ D 88(W, + Wy )x L

mux=1 DFF

=(1.3x2x2.7+03x12x11.25)x0.13+(1.3x2x2.7+0.3x12x11.25)x0.13x0.045%x 6

+(88x1.3+88%0.3)x0.13x0.25x9

=377.150x0.13um*
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3.2.3 The Comparison Results as Figures and Tables.

Area v s Rising Time
350

Single-Stage MUX

Conventional Trag-Type MUX

Novel Tree-Type M

D 1 . . . . . . . . ]
a0 100 160 200 260 300 350
Tr(ps)

Figure:3.21 Area v.s. Rising Time.

Table 3.4 Power of three architectures versus Rising Time.

Rising Tiime Single-Stage Conventional | Novel Tree
MUX Tree Type
300ps 1.3163 3.2329 1.3136
275ps 1.6726 3.2618 1.3328
250ps 1.8246 3.2955 1.3706
225ps 2.0895 3.3722 1.4089
200ps 2.2480 3.3743 1.4479
175ps 3.5854 3.4486 1.5257
150ps 17.614 3.5068 1.5934
125ps X 3.6624 1.8391
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100ps X 3.9895 2.7900

Rising Time 170ps 165ps 160ps 155ps

Single -Stage 6.0694 7.2889 8.6057 12.326

Table 3.5 Area of three architectures versus Rising Time.

Conventional Novel Tree
Rising Time | Single-Stage MUX
Tree Type
300ps 117.8x0.13um | 340.032 x0.13um | 25.252 x0.13um
275ps 141.36x0.13um | 342.051 x0.13um | 26.12 x0.13um
250ps 176.7 x0.13um*|.343.78 x0.13um 28.072 x0.13um
225ps 235.6 x0:13um | 345.946 x0:13um | 29.88 x0.13um
200ps 353.4 x0.13um }[-347.872 x0.13um | 31.832 x0.13um
175ps 589 x0.13um 350.592 x0.13um | 35.52 x0.13um
150ps 2473 x0.13um | 354.482 x0.13um | 43.112 x0.13um
125ps X 361.786 x0.13um | 50.56 x0.13um
100ps X 377.150 x0.13um | 82.592 x0.13um
Rising Time 170ps 165ps 160ps 155ps
Single-Stage | 706.8 x0.13um | 942.4 x0.13um | 1178 x0.13um | 1767 x0.13um
MUX
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Power v.s. Rising Time

20
18 A
16 1 —e— Single Stage
- 14 —o— Conventional Tree
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Figure 3.22 Power v.s. Rising Time.
Area v.s Rising Time
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S
= 150 A
<
100 -
50 1
0 4

50 100 150 200 250 300 350

Rising Time
Figure 3.23  Area v.s. Rising Time.

Table 3.6 Power X Area of three architectures versus Rising Time.

Single-Stage Conventional Novel Tree
Rising Time
MUX Tree Type
300ps 20.1578 142.9076 4.3122
275ps 30.7370 145.0413 4.5257
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250ps 41.9129 147.2805 5.0018

225ps 63.9972 151.6579 5.4727

200ps 103.2776 152.5972 5.9916

175ps 274.5341 157.1767 7.0451

150ps 5663.8698 161.6072 8.9303

125ps X 172.2507 12.0880

100ps X 195.6032 29.9561
Rising Time 170ps 165ps 160ps 155ps
Single-Stage 557.6807 892.9777 1317.8769 2831.4055
MUX

Power X Area
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3000 -

2000 -

1000 -

Power x Area v.s Rising Time

—e— Single Stage
—o— Conventional Tree
—v— Novel Tree

50 100 150
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Figure 3.24 Power X Area v.s. Rising Time.
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Power x Area v.s. Rising Time
250

—e— Conventional Tree

200 - —o— Novel Tree
150 A

100 +

Power x Area
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01 R

50 100 150 200 250 300 350

Rising Time

Figure 3.25 Power X Area v.s. Rising Time of Two Structures.

We use the data from Table 3.1, Table 3.2, and Table 3.3 to plot the Figure 3.21.
From this figure, we can know the rising time limitation of each architecture due to
the uncharged rising time of rapidly increasedrarea. The rising time limitation of
single-stage MUX is 150ps. The rising time limitation of novel tree-type MUX is
80ps. The rising time limitation-of ‘conventional tree-type MUX is 65ps. It also means
the bandwidth limitation of each architecturerand we can see the bandwidth of novel
tree- type MUX is larger than single-stage MUX' and a little less than conventional
tree -type MUX.

Table 3.4 shows the power versus rising time of three architectures. Figure 3.22
is plotted from the data of Table 3.4. Table 3.5 shows the area overhead versus rising
time of three architectures. Figure 3.23 is plotted from the data of Table 3.5. Table 3.6
shows the power area product versus rising time of three architectures. Figure 3.24 is
plotted from the data of Table 3.6. Figure 3.25 shows only the power-area comparison

of two tree structures. Here, area is referred to the total gate area.

Figure 3.22 and Figure 3.23 show that single-stage serializers can only go up to
6.5Gbps. Beyond 5Gbps, power and area increase significantly. Conventional
tree-type and proposed tree-type serializers are able to reach 10Gbps with relatively
constant power and area overhead. Due to these results of comparison, the advantages
of low power and low area overhead over single-stage and conventional tree-type

serializers are verified.
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mp2

mp8 v.s. mp2

—e— mp2 (Analysis)
—O0— mp?2 (Simulation)

T T
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Figure 3.26  Analysis vs. Simulation.

25

1440m
m:m_, =Mmgh
PP SPET168.95mr, +1560
Table 3.7 Analysis vs. Simulation,
Analysis Simulatoin
mp8:mp2 mp8:mp2
Tr=300ps 1:0.53 1:0.65
Tr=275ps 1.2:0.58 1.2:0.7
Tr=250ps 1.5:0.65 1.5:0.8
Tr=225ps 2:0.74 2:0.9
Tr=200ps 3:0.85 3:1
Tr=175ps 5:0.97 5:1.2
Tr=150ps 21:1.16 21:1.6
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arrange the result as Table 3.7 and Figure 3.26 and verify the analysis in section 3.2.1

i1s matched the simulation.

3.3 Summary

In this chapter, we finish the analysis and comparison.

Table 3.8 shows the numerical data of power and area comparisons for five
different rise time. Table 3.9 standardizes the performance using conventional tree as
the reference. As one can see, the proposed design consumes 0.43 power and
occupies 0.09 area of the conventional tree at SGbps (200ps rise time). Together, it is
25.84 times better than the conventional one. At 10 Gbps (100ps), the power and area

ratio is 0.70 and 0.22. Performance wise, it is 6.49 times better.

Table 3.8 Power and Area Comparisons.

) ) Conyentional
Rise Single-Stage MUX Novel Tree

. Iree
Time

Power Area Power Area Power Area
100ps - - 3.99 49.03 2.79 10.74
150ps 17.61 321459 3.51 46.08 1.59 5.60
200ps 2.25 45.94 337 45.22 1.45 4.14
250ps 1.82 22.97 3.30 44.69 1.37 3.65
300ps 1.32 15.31 3.23 44.20 1.31 3.28
Table 3.9 Power and Area Comparisons Standardizes by Using Conventional Tree.

. Single-Stage .
Rise Conventional Tree Novel Tree

] MUX
Time

Power Area Power Area Power Area

100ps - - 1 1 0.70 0.22
150ps 5.02 6.98 1 1 0.45 0.12
200ps 0.67 1.02 1 1 0.43 0.09
250ps 0.55 0.51 1 1 0.41 0.08
300ps 0.41 0.35 1 1 0.41 0.07
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Chapter 4

Transmitter Circuit Design

4.1 Introduction

This chapter will describe the detail circuit design of the chip implementation. Note
that, SGHZ VCO (voltage-controlled oscillator) is difficult to implement using 0.13um
technology unless using a LC tank type oscillator. Without SGHZ clock, the final stage
is a 4-to-1 multiplexer, as will be shown in later. Since the test chip contains the
serializer and a driver. There is no PLL on chip. Hence, the clock source is a SGHZ

clock. It is divided into a 4-phase 2.5GHz clock to emulate the 2.5GHZ PLL.

4.2 Circuit Design

Figure 4.1 is the whole architecture of this chip. It includes four 8-to-1
serializers, one 4-to-1 serializer and multi-stage driver. In this section, we describe the

design of each block in detail and show the circuit.

38



Chapter 4 Transmitter Circuit Design

Multi-phase Gen

AdAA

4-phase 5GHz
2.5GHZ

L,
/

312.5M

D0~D7

D8~D13

\A 4

D16~1

D24
PRBS

I -

Figure 4.1 Whole architecture of the chip

4.2.1 MUX 8-to-1

There is no consideration about the propagation delay of each stage in Figure

3.3. But this is actually a design issue and we consider it here. In 0.13 um technology,

a simple inverter with FO4 has 60ps propagation delay. Taking this delay into the
8-to-1 MUX of 2.5Gbps data rate, as Figure.3.4,we can see the timing diagram is
shown in Figure 4.2. The Pn[1]-and Pn[l]b arel.25GHz. The Pn[2], Pn[2]b, Pn[3] and
Pn[3]b are through the first stage of frequency divider and have 625MHz. The Pn[4],
Pn[4]b, Pn[5], Pn[5]b, Pn[6], Pn[6]b, Pn[7], and Paf7]b which are through the second

out
Pn[1]

Pn[11b[\__«
< Pn[2]
Pnl21b| \
Pn[3]
Pn[3]b]:
< Pn[4]
Pn[41b
Pn[5]
Pn[5Tb
Pn[6]
Pn[6]b]| :
Pn[71
Pn[71b|

//M

Figure 4.2 Clock Diagram of 8-to-1 MUX with Propagation Delay
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stage of frequency divider have 312.5MHz. These clock frequency have the 60ps
delay and so does the serializer. Figure 4.3 is the structure of 8-to-1 MUX and the data
skew DFF as shown in figure. In conventional, we can use a positive and a negative
trigger DFF to implement and we need twelve DFFs in 8-to-1 MUX. However, there
is a more efficient way to implement. From [14~15] [17~23], we can use

Master-Slave-Master Flip Flop(MSM FF) to replace the positive and negative trigger

DFF. The 90° phase shift between the inputs of serializer is achieved by adding an
MSM-FF (extra latch) to one path.

Proposed Novel Tree MUX 8-to-1

______________________________

out

el

e | Ny ISR R |

5/

J]%]

CLK

=

o e e e e

s Diff DFF cell N,
B
! / ' Ob O |,
E ckAG—/|—\I—[H /| —\—H E
| ckb—| ,_/_I / . ,_/_I
| D Db — —

____________________________________________

Figure 4.4 Circuit of Differential DFF
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D2 =~ 1 S
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Figure 4.5 Structure of 8-to-1' MUX and Clock Gen

We use a new differential DFF as shown in Figure 4.4 for our clock generator
and data skew DFF. This DFF has higher bandwidth and smaller area overhead than
original one, as shown in Figure 3.11. This is because the fewer MOS transistors and

less output node capacitance in this new differential DFF. The other reason we use

this differential DFF is the requirement of 0%, 90", 180°, 270" phase of clock.

Figure 4.5 show the structure of 8-to-1 serializer and clock generator. The circuit
of each 2-to-1 MUX is shown in Figure 2.7(b). The corresponding data and clock
diagram of each node is in Figure 4.6. Like Figure 4.2, Figure 4.6 adds the
propagation delay time. The third stage 2-to-1 MUX outputs of novel tree-type MUX
are netl, net2, net3, and net4 which are 625Mbps. The netl multiplexes DI and DS.
The net2 multiplexes D2 and D6. The net3 multiplexes D3 and D7. The net4
multiplexes D4 and D8. The second stage 2-to-1 MUX outputs of novel tree-type
MUX are netS, and net6 which are 1.25Gbps. The net5 multiplexes netl and net3. The
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net6 multiplexes net2 and net4. The first stage 2-to-1 MUX outputs of novel tree-type
MUX are 2.5Gbps data rate. The out multiplexes net5 and net6..

Realistic timing Diagram (Delay time:60ps)

W ()

WAL

Pn[2]

Pni21b \ /E\ Vorzr7 Y —
N

Pn[3]

net4
netl
net2

net3
Pn[4]

Pal4lb \ LN

Pnl[5]
Pnl5lb 772X i i
Pn[6] AR, A

Pn[61b N\ Al N

Pn[7]

Pnl71 & \ £
Din[1:4] X
Din[5:8] X

Figure 4.6 Data and Clock Diagram of 8-to-1 MUX with Delay

4.2.2 Mux 4-to-1

Since the highest frequency of input clock rate is four phases 2.5GHZ, we use a
4-to-1 single-stage serializer to convert the four 2.5Gbps data rate to 10Gbps data rate.
In [25], we know we can add an inductor in circuit to increase the bandwidth. This is
called inductive peaking. The idea is to make the capacitance that limits the
bandwidth resonate with the inductor. We describe the conception in detail as
following. In Figure 4.7, the two circuits are common source stage with and without
inductor peaking. If we have a input step pulse in Vi, the inductor in Figure 4.7 (d)

serves as an open circuit since the components of high frequency in the transition of
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input step pulse. This causes the current all flow through the load C rather than

through the resistor R. Thus, the output volt.

age level changes faster in Figure 4.7(c)

than in Figure 4.7(a). The application is shown in [14~15][19][21][26~28].

As described above, inductive peaking can increase bandwidth substantially. But

the area overhead due to inductor also increase rapidly. Thus, we overcome the

drawback of low bandwidth of single-stage type by use active inductive peaking [24].

Vo
1T 1T
Vo Vi TC R
(b)
Vo
1T 1T
g Vi C $R
o 1
lL
(c) (d)

Figure 4.7 (a) CS Circuit with Load C  (b) Small Signal Equivalent Circuit of

(a) (c) CS Circuit with additional inductor (d) Small Signal Equivalent Circuit of (c)

4-1 MUX schematic y

O

Ob

I"im" p4 G p1 G p2
p2 14 p3 G pg -G pp

d4b{: dlb{: d2l{: Sb{:

:,F'@
Fpy JFpP1 JF P4 G p3

g"m Fps JEp3 JF p2
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EJ

Figure 4.8 Circuit of 4-to-1 MUX
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4-1 MUX timing diagram

D3 -« [><T>< T
P4 NN\ AFENNN\ AT\ /

DA TSETTT

Figure 4.9 Data and Clock Diagram of 4-to-1 MUX with Delay

The circuit of this 4-to-1 MUX is shown in Figure 4.8. We add an additional
NMOS transistor as current source in each_output node to enhance the inductance of
active inductive peaking. . Figure:4.9 is the data’and clock diagram of 4-to-1 MUX
with delay.

4.2.3 MUX 32-to-1

Dll DIS D|9 D|13D|17D|21D|25D|29

DI D2 D3 D4 D5//< ——PI
out | T P2
' —— 5431
D2 D6 D10D14D18D22D26D30
........Jm
YDI D2 D3 D4 D5 D1
ot ~ D2
11 —>Out
|
out L>D3
DI D2 D3 D4 DN
(7 7 T ]

D3 D7 D11D15D19D23D27D31

|
out

DI D2 D3 D4 Ds\‘_

i
\U
N

(1 1 1T 1
D4 D8 D17D16D20 D24 D28 D32
Figure 4.10 Architecture of 32-to-1 MUX
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Figure 4.10 shows the overall circuit structure for the proposed 32-to-1 serializer
for 10Gbps serial I/0. The module will be integrated into a 0.13um chip with an
8-phase 2.5GHz PLL.

4.2.4 Driver

For the requirement of measurement, we design a frequency divider to divide the
input SGHZ into four phases 2.5GHZ. And we design a multi-stage driver to drive the
signal from 32-to-1 serializer. The circuit diagram is shown in Figure 4.11. This
current mode logic (CML) driver is a conventional way in driver design [18] [20]

[26~27] [29~30]. And the design skill is in [31]. This architecture has good immunity
to SSN.
_> I
— ¥ 500f
/
\ ¥ 500f
Lo to T
o g
L He o te
o~ e
o~

Figure 4.11  Architecture of Multi-Stage Driver

4.3 Simulation Result

Figure 4.12 is simulation result of the multi-phase generator output.
It generates Pn[l1] with 1.25GHZ, Pn[2], Pn[3] with 625MHZ, and
Pn[4],Pn[5], Pn[6],Pn[7] with 312.5MHZ. These clocks are for 8-to-1 serializer and
the simulation result is matched Figure 4.2. Figure 4.13 is the simulation of 8-to-1
serializer. It includes multi-phase clock, netl, net2, net3, net4 with 625Mbps data,
net5, net6 with 1.25Gbps data, and out with 2.5Gbps data. This result is matched
Figure 4.6. Figure 4.14 is the simulation result of 4-to-1 serializer. This serializer
serializes four 2.5Gbps data from four 8-to-1 serializers to 10Gbps.

Figure 4.15 is the eye diagram of data through 32-to-1 MUX and multi-stage
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driver. The data rate is 10Gbps. The output swing is 300mV. And the jitter is 3.66ps.
Table 4.1 is the power consumption of each part of circuit. The total power
consumption is 27.06mW. Figure 4.16 shows the effect of ground bounce to VDD and
GND. The noise(P-P) is 40mV.

Pof4 &~ N |
Par4] L\ / \ |
Pn[5 N/ |
Pnf5] | N\ / N
Pnl6 N/ |
Paf6] L\ Y N\ |
Pn7] be—o-—r" N ]
pa[7] [ AN A AN

Figure 4.12 Simulation Result of The Multi=Phase Generator

wl I X X X X Y YT X
N S W A A !

|
|
nets | X~ X X X |
et | X X d il
P LN N Vs |
Pn[3] | N ya N /]
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netl | X X |
net2 | it X X |
net3 | _ X X |
Pnf41| AN - |
parst Lt AN |
Prf61 | " AN s
Pn[7] | X AN |
Dinf1:41/ _ X —
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1] ln 2n 3n

Figure 4.13 Simulation Result of 8-to-1 Serializer.
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Figure 4.14 Simulation Result of 4-to-1 Serializer.
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Figure 4.15 The Eye Diagram of 10Gbps Transmitter
Table 4.1 The Power Consumption of Each Part of Circuit.

Module Current (mA) Power (mW)
8-1 MUX cell (4X)+ 4-1
2.7 3.24
MUX
4-phase 2.5GHZ 3.65 4.38
32bit PRBS+multi-phase
- 4.9 5.88
Gen
Driver 11.3 13.56
Total 22.55 27.06
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Ground Bounce ~40mV (pk-pk)

i 100 0o 300n o

Figure 4.16 The Effect of Ground Bounce to VDD and GND

4.4 Implementations

The chip has been implemented using TSMC 0.13um 2P8M CMOS process. It
contains a 32-to-1 serializer, a 10Gbps driver, and a 32-bit PRBS (pseudo random bit
sequence) generator. The diagrams of layout are shown in Figure 4.17 to Figure 4.23.
The core area for the serializer is only 200um X 150um. The driver area is 360um X

110um. The total area of this chip is_L.44mm X:0.99mm.

MUX2 DFF

Figure 4.17 Layout of MUX2 and DFF
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(a) (c)

Figure 4.20 (a) Clock Generator for 8-to-1 MUZ (b) 4-to-1
MUX (c) SGHZ to four phase 2.5GHZ Clock divider
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Figure 4.21 32-to-1 Serializer

Figure 4.22 Layout of Whole Chip (Without Dummy)
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| ]

Figure 4.23 Layout of Whole Chip (With Dummy)
In the consideration of the measurement, we need an additional SGHZ clock and

the measurement of 10Gbps output d'cl“.ca rate.. In conventional off-chip measurement,
the parasitical capacitance in PCB is too large too Ilimits the bandwidth of
transmission lime. We suspect the ISI effect would be too serious. And this causes the
difficult and impossibility of chip measurement. Because this reason, we use the
on-chip measurement.

By using on-chip measurement, we need the Wenworth probe station and the size
of pad in chip is 80um x 80um. The pitch (center to center) is150um. The whole
measurement environment is as show in Figure 4.24. We use Agilent N4901B to
generate SGHZ clock and a single-end 800mV swing. This clock would pass through
the transmission line with 50ohm characteristic impedance and the five pins probe of
GSGSG to send into chip.

The output data sends to Agilent 86100B to measure the eye diagram. We expect
that the output data is 10Gbps with 300mV swing. The left and right sides of this chip

are the clock input and data output. The up and down sides of this chip are the power
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supply inputs. There are total four power supplies in this chip. One is for the driver
measurement. The other three are the measurement of PRBS, 32-to-1 serializer,
2.5GHZ clock generator. The instrument we use to measure power consumption is

Keithley 2400 Source Meter.

N4901B Serial BERT 13.5 Gb/s Agilent 86100B Wild-Band Oscilloscope

Ktythley 2400 source metg
power measuremen

STy

Wenworth
probe station

Multiplexer power
Output buffer power
Clock generator power

inputi» @’@‘a‘

Power2

N

312.5Mbps, 32 bits LFSR

measurg’ment

Figure 4.24 The Whole Measurement Environment

4.5 Summary

We use TSMC 0.13um technology to implement a 10Gbps transmitter. There are
four phase 2.5GHZ input clock. Thus we implement the 32-to-1 serializer by using

four 8-to-1 novel tree-type and one 4-to-1 single-stage type serializer.
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Chapter 5

Measurement

5.1 Off Chip

We do an off-chip measurement first. Figure 5.1 is the chip photo. Figure 5.2 is
the core photo. The PCB we use is four layers Roger stack. It is for high-speed
application. Its structure is shown in Figure 5.3. The two inside layers are ground and
power. The off-chip PCB is shown in Figure 5.4. Figure 5.5 is the measurement
environment. Agilent N4901B is the clock generator. Agilent 86100B measures the

eye diagram and the jitter.

Figure 5.6(a) is the 1.25Gbps eye diagram. The jitter is 17.8ps(P-P) and
2.7ps(RMS). Figure 5.6(b) is the reset diagram. We design the reset of PRBS as
01010101. Figure 5.7 is the 2.5Gbps eye diagram. The jitter is 24.44(P-P) and
3.63(RMS).

53



Chapter 5 Measurement

I e
v (R

i

Figure 5.1 The Whole Chip Photo.

Figure 5.2 The Core Photo.

Core [12.6mil]
Component Side —s Prapreg [12.5mi)
Ground Plane [gndd] —= Core [12.6mil]

Power Plane [VCC) —=

Solder Side —=

Figure 5.3 Structure of Four layers PCB
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(a) (b)

Figure 5.4 Photo of Off-Chip Measurement PCB
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Figure 5.6 (a) 1.25Gbps Data Eye Diagram (b) Reset
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Figure 5.7 2.5Gbps Data Eye Diagram

5.2 On Chip

We use Wenworth probe station to do on-chip measurement. The environment of
measurement is shown in Figure.;3.8. The prdbe station is on the anti-shock table
which alleviates the shock by aif pressure. First,.we should caliber the five pin probe
to make sure all five pin in the same plane. Then, we use the microscope to aim the
chip and the image would show on fhe screen as shown in Figure 5.9(b). The key
point in the on-chip PCB is the féwer the components soldered on the PCB, the easier
the measurement we could do. This point is shown in Figure 5.9(a). The five pins

GSGSG probe on the chip is shown in Figure 5.10.

Figure 5.11 is the measurement result. We only measure the 7.5Gbps as shown
in Figure 5.11(a). The swing is 65mV. The jitter is 47.78ps (p-p) and 7.64ps (RMS).
This result is shown in Figure 5.11(b). We use Keithley 2400 to measure power
consumption. The power of 32-to-1 serializer is 4.8mW. The power of four phase
2.5GHZ clock generator is 4.31mW. The power of multi-phase clock generator and
PRBS is 10.21mW. The multi-stage driver consumes 17.57mW. The total power

consumption is 36.89mW. Table 5.1 is the arrangement of measurement result.
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(a) (b)

Figure 5.10 Probe Photo
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Figure 5.11 (a) Eye Diagram 1 (b) Eye Diagram 2

Table 5.1 Measurement result

Module Power(mW) Data Rate

32-to-1 MUX 4.8 Jitter(RMS)

4 phases 2.5GHZ . Jitter(P-P)

PRBS+ Phase Gen . Swing

Driver

Total
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Chapter 6
On-Chip Channel Model Analysis

and Low Power Driver

6.1 On-Chip Channel Model Analysis

We analyze the on-chip channel model and choose one to be the on-chip channel
with 10000 um long. The characteristic impedance of channel should be equal to that
of transmitter and receiver to prevent the reflection of the signal. As shown in [32],
the longer the channel, the lower the bandwidth, and the more distortion is in the
signal amplitude. The separation between signal line and shielded ground line is

another issue for the crosstalk. In [32], the increasing of separation would decrease

the crosstalk.

There are two types of transmission line structures. They are microstrip and

59



Chapter 6 On Chip Channel Model Analysis and Low Power Driver

stripline as shown in Fig 6.1. We choose microstrip structure because this structure

need one layer less of metal than the stripline and has higher characteristic impedance.

«V, v, <W=¢
MX G < > S < =G _t
e °P f
MY |
(a)
[ |
. W W W
MX G 18 16 Lot
Sp Sp ?
My |
(b)

Figure 6.1 (a) Microstrip ' (b) Stripline
There are two equations of characteristic impedance as shown below.

8782 ; 5.98h

e sw ! 1

L
20 = /C—Ul (20)
UL

where L, is unit length inductor, and C,is unit length capacitor

20 =

The design flow is shown in Figure 6.2. We use MATLAB to calculate the
characteristic impedance of each MX-MY by (19). The limitation of the characteristic
impedance of each MX-MY would be known. Here we choose M8 as MX since we
may increase the wire cross section for higher data rate.[32] The limitation is shown
in Table 6.1. We choose M8-M4 with Z0 50ohm. Thus, the width of signal

transmission line is 3.31 um . And we leave metal 1, 2, and 3 for other use. The next
step is to calculate R ,C, and L, and use (20) to check the value of

characteristic impedance again. Here we use a software, FastHerry, released by M.I.T.
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We import the 3D structure of M8 to M4 microstrip with different space, and this
software would calculate the unit length inductor. We calculate the unit length
resistance and capacitor by TSMC transmission line model file. The result is shown in
Table 6.2. We choose the space between shielding ground line and signal transmission

line 6um . And the channel model is built up. The dc attenuation and bandwidth is
calculated by HSPICE. The dc attenuation is -2.75dB. The bandwidth is 11.1GHZ.

Decide (19) to decide Different Space Scan Get Rul,
70 MX-MY and Width Cul, Lul by Fast Henry

A

NO
\4
Yes
Check DC Use (20) to
B — «— '
Attenuation, check

Figure 6.2 On-<Chip Channel Model Design Flow

\ 4
v

Table 6.1 Characteristic Impedance of M8-MY

Z0

W=2.5E-6 W=5E-6 W=10E-6 W=15E-6
M8-M7 -11.598 -23.574 -39.916 -51.252
M8-M6 33.147 21.171 4.8283 -6.507
M8-M5 45.232 33.256 16.913 5.5781
M38-M4 54.351 42.376 26.033 14.697
M8-M3 61.677 49.702 33.359 22.023
M8-M2 67.801 55.825 39.482 28.147
M8-M1 73.061 61.086 44.743 33.408

(@)
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W of W of W of W of

Z0=100 | Z0=70 70=60 Z0=50
MS8-M7 X X X X
MS8-M6 X X X X
M8-MS5 X X X X
M8-M4 X X X 3.31E-6
M8-M3 X X 2.8E-6 4.92E-6
M8-M2 X X 4.0E-6 6.53E-6
MS8-M1 X 3.0E-6 5.2E-6 8.14E-6

(b)

Table 6.2 The Channel Model'with Different Space

Match
Space | Rul Lul Cul DC BW (19)
um Ohm/um | fH/um fE/um | Attenuation and
(20)?
5 1.87E-3 | 351.335 | 0.160 X
6 1.865E-3 | 365.086 | 0.152 | -2.75dB 11.1GHZ |V
7 1.86E-3 | 375.103 | 0.144 | -2.74dB 11.3GHZ |V
10 1.85E-3 |391.953 | 0.135 | -2.71dB 123GHZ |V

6.2 Low Power Driver

We design a driver to drive 10Gbps data from the 32-to-1 serializer. The driver
should drive the signal through the microstrip channel with length 10000 um . The
single end amplitude in the receiver front end should be 100mV at least. The channel
model we build up in chapter 6.1 has 50ohm characteristic impedance. And we should

design the driver with the same characteristic impedance. There are two kind of
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conventional driver. One is CML(Current Mode Logic) and the other is LVDS
driver(voltage-mode driver). In [33], the analysis and simulation show the
voltage-mode driver would save the 70% to 90% power consumption depending on

data rate in 0.18 um process. Thus we decide to use the digitized structure as in

Figure 6.3(a).

_q p_ R1

Il out outb | Ib Out Outb

I R2

R1

(a) (b)
Figure 6.3 (a) Structure of Drivetr(b) Impedance matching

Next we calculate R1=and R2 'in Figure 6.3(b). The attenuation in
10000 um length channel we choose is -2:75dB. We-assume 200mV swing in driver
output to ensure having enough ‘swing'margins in receiver front end. Thus, we have

two equations as shown below.

R 1//%2 _ 50 (21)
1200 R2/100 @)
RI+ R2//100+ R1

The solutions of both R1 and R2 are 150ohm. And we also design a pre-driver to
link the 32-to-1 serializer with the LVDS driver. The architecture is shown in Figure

6.4.
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Figure 6.4 Architecture of Pre-Driver

Invl and Inv2 in Figure 6.4 work as latch and can increase the output swing.
The inverter with transmission gate is like.a inductive peaking and can increase the
bandwidth. The simulation result in receiver. front end is show in Figure 6.5. The
swing is 120mV and the Jltter(P P) is. 6 55 ps The power consumption of the

pre-driver and driver is 4. 44mW

680m

G0m

640m

620m

Yoltagss (lm)
@
=
g

580m |

S0m

540m

100p
Farams ilin] (time1)

Figure 6.5 Simulation Result in Receiver Front End
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Chapter 7

Conclusion

7.1Conclusion

This paper has proposed, implemented, and measured a novel tree-type serializer.
By using quadrature clock for signal path selection, the retiming mechanism in a
conventional tree is no longer needed. As a result, power consumption and circuit area
is significantly reduced. Simulation results show that at 5Gbps/10Gbps it consumes
0.43/0.70 the power and 0.09/0.22 the area of a conventional tree. Performance wise,
power-area product, it is 25.84/6.49 times better than a conventional tree. We ask for

patent of this novel tree-type serializer.

The serializer has been implemented in TSMC 0.13um 2P8M CMOS process. The
serializer occupies only 200um X 150um of area. We measure this chip by both
off-chip and on-chip measurement. The chip is unable to reach 10Gbps due to some
measurement difficulties. The serializer consumes 19.32mW of power at 7.5Gbps. The

jitter is 47.78ps (p-p) and 7.64ps (RMS).

65



Chapter 7 Conclusion

Besides, we analyze the on-chip channel model and design a low power driver to

drive the 10Gbps data through 10000 um on-chip channel. The power consumption is
4.44mW.
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